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FipM of the Pipsmt Invention ' 

The present invention relates to an improved method 
and apparatus for performing optical interactance and 
transmittance measurements and, in particular, such method and 
5 apparatus where undesired information is discriminated against 
and desired information is enhanced. Reflectance measurements 
on small amounts of specimen are also encompassed by the 
invention. 

Background of the Problem 
10 ?;nlved bv tb *> Prpsent Invention 

vmen optical energy is transmitted through a diffuse 
medium, scattering causes redirection of the rays so that the 
geometric pathlength between the energy entrance point and the 
energy exit point no longer defines the distance energy travels 
15 within the specimen. In addition, substantial energy may be 
scattered back towards the entrance or otherwise away from the 
exit region where detection occurs, thereby reducing the 
detected signal. This signal is therefore variable depending on 
the scattering characteristics of the particular region of the 
20 specimen traversed by the optical radiation. 

A further cause of ' interference is nonhomogeneous or 
■ layered distribution of specimen characteristics, e.g., the 
layers of skin and fat which cover muscle tissue, the skin which 
covers the flesh of a fruit or vegetable, or the coating of 
25 windows through which measurements are to be made. Often, it is 
desirable to eliminate the effects of the surface layers to 
provide information on the underlying portions of the specimen. 
The present invention is directed to solving these problems 
which cause inaccuracies in spectroscopic determination of 
30 qualitative or quantitative characteristics of the specimen. 

An additional problem is the making of diffuse 
reflectance and transmittance measurements on small specimens. 
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present reflectance instruments are generally designed to 
illuminate the specimen and detect reflected energy over several 
square centimeters of area. It is sometimes necessary to work 
with small amounts of specimen, for example a single seed, which 
must be recovered intact for future use. The present invention 
also addresses both diffuse transmission and diffuse reflection 
measurements of small specimens. 
Badepx)im <^ Prior Art 

There has been a proposal for use of a transmission 
cell which had two different pathlengths through the specimen as 
a means of extending the dynamic range of spectral measurements 
in clear solutions. This proposal did not encompass separate 
measurement of the signals for the two pathlengths but rather 
the combined optical energy was detected. This results in a 
very nonlinear signal relative to concentration of an analyte 
within the specimen, however, the nonlinearity is predictable 
based oh the known optical geometry of the cell. 

Dual pathlength transmission cells with separate 
detection have been proposed to remove the effects of window 
coating in transmission measurements through clear liquids. 
This approach is equivalent to placing a second cell of 
different thickness in the reference beam of a dual-beam 
spectrometer. Effects common to the two paths, such as 
absorption due to the window material, equal deposits on the 
windows, atmospheric absorption, and the specimen absorption in 
the equal portion of the pathlength are canceled by taking the 
simple ratio of the signals derived from the two paths. 

N.orris ["A New Approach for the Estimation of Body 
composition: Infrared Interactance" , Joan M. Conway, Karl H. 
Norris and C.E. Bodwell, American Journal of Clinical Nutrition, 
Vol. 40, pp. 1123-1130 (1984)1 first proposed measurement by 
means of "interaction", whereby a diffuse specimen is 
illuminated at one location and energy is collected some 
distance away on the same surface of the specimen. This is 
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similar to diffuse reflection in that the primary mechanism 
returning energy to the detector is scattering, i.e., in the 
absence of scattering within the specimen, the incident energy 
would not impinge on the detection region. It differs from 
diffuse reflection, however, because the detection region does 
not include the illumination region, but is separated from it by 
some distance. Therefore, surface reflection of energy does not 
contribute to the detected signal and all the detected energy 
has traversed a minimum distance within the specimen, the 
separation distance between the source and detector. In this 
sense, "interaction" is similar to diffuse transmission. In 
general, the effective depth of penetration and the effective 
pathlength both increase as the spacing between the source and 
detection locations is increased. 

.Norris and others applying his method have used a 
single measurement of the energy passing through the specimen 
from the source region to the detection region. Typically, 
uniform geometric spacing between the source area and the 
detection area is provided by using a central aperture 
surrounded a small distance away by a ring aperture. Either 
aperture could serve for the source while the other is used for 
detection. Both apertures are usually in contact with the 
specimen to prevent energy from leaking between the source and 
detection regions without traversing the specimen although thin 
windows between the apertures and the source have been used. An 
alternative structure has been to use equally parallel slit 
apertures, alternating between source and detection functions, 
in this case, all the source slit apertures were illuminated 
through one fiber optic bundle while energy was collected from 
all the detection apertures by means of a second bundle. 
Therefore, although more than two apertures exist, there is only 

one detected signal. 

Diffuse transmittance and reflectance measurements are 
usually made on large volumes of specimen to reduce errors by 
averaging the inhomogeneities. When only small specimens are 
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available, the usual procedure is to grind each specimen into a 
fine powder and mix it with a nonabsorbing diluent or to spread 
it on a diffusely reflecting background so as to present a large 
area for reflectance measurement. There has been a proposed use 
of a reflecting cone into which the specimen is placed. The 
incident energy which does not impinge the specimen is returned 
in the direction of the source, and is rejected by the diffuse 
reflectance detection geometry. Norris ["Determination of 
Moisture in Corn Kernals by Near-Infrared Transmittance 
Measurement", E.E. Finney, Jr. and Karl H. Norris, Transactions 
American Society of Agricultural Engineers, Vol. 21, pp. 581-584 
(1978)] has made diffuse transmission measurements on single 
seeds by focusing the energy on the seed and placing a large 
area detector behind the opposite side. Careful attention must 
15 be paid to block the direct path past the seed. These methods 
for handling intact small samples have been inconvenient at 
best. 

SiimmiWY of the Invention 

In accordance with the invention, a method for 
20 improving optical interactance measurements comprises the steps 
of providing illumination by way of a plurality of paths through 
a specimen having a characteristic to be measured, sensing two 
or more independent signals developed at the same time or in 
rapid sequence representing optical information from said 
25 specimen and processing said signals in accordance with 
appropriate modeling techniques to minimize ingccuracies in 
Itn/ spectroscopic determination of qualitative quantitative 

characteristics of the specimen. 

Also in accordance with the invention, apparatus for 
30 improving optical interactance measurements comprises means for 
providing illumination through a specimen having a 
characteristic to be measured along a plurality of different 
paths, means for sensing optical information provided from an 
illuminated specimen, means for developing a plurality of 
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independent signals corresponding in number to said plurality of 
paths, the signals representing the optical information obtained 
from the specimen and means for processing the signals in 
accordance with appropriate modeling techniques to minimize 
inaccuracies in spectroscopic determination of quantitative or 
qualitative characteristics of the specimen. 

For a better understanding of the present invention, 
reference is made to the following description and accompanying 
drawings while the scope of the invention will be pointed out in 
the appended claims. 
Brief DescDprinn of the Drawinfp; 

In the drawings. 

Figures lA and IB are a cross-sectional, length-wise 
view in partially schematic form of a two-ring, central aperture 
probe in accordance with the invention; and 

Figvire 2 is a diametric cross-section of a probe 
exhibiting a multiple ring aperture structure in accordance with 
the invention. 

DeiMji prioD of the Invenrion and Pre ferred Embodiments 

A first aspect of this invention comprises the use of 
three or more optical apertures shared among the source and 
illumination functions so as to provide two or more independent 
signals for further processing and analysis. For example, in 
Figure lA, a probe utilizing fiber optics is shown which has two 
ring apertures surrounding a central round aperture. 

In Figure lA, the probe 10 includes a cylindrical 
outer body 30 in which a concentric inner body 31 is arranged. 
The inner body 31 tapers at the examining end to a central 
aperture 15. The outer body 30 constricts at the examining end 
to define a conical, inwardly directed wall. The tapered end of 
the inner body 31 defines a second conical wall. Between these 
two walls is disposed a conical dividing element 33. The angles 
defined by the two walls and the conical dividing element are 
preferably the same. Conical annular spaces or rings (shown in 
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cross-section as 14, 13, 12 and 11) are defined by the two walls 
and dividing element. In these annular spaces or rings are 
disposed, in conical fashion, optical fibers 16 and 17 for 
supplying illumination to the specimen. Within the inner body 
31 are disposed one or more lenses 20 for focusing and 
transmitting incident light entering the aperture 15. A central 
fiber element 21, supported by element 32, receives light from 
the lenses 20, and directs it to the exit portion 21* of the 
probe. Illumination for fibers 16 and 17 is provided at 16' and 
17'. 

In this apparatus, each ring is used for illumination 
by fiber optic elements while the central detection aperture is 
connected by fiber optics to a detection system, such as a 
diode-array spectrophotometer. The central aperture in one 
embodiment is 1.2 mm diameter, and the inner ring has a mean 
diameter of 6 mm with a width of 1 mm. The mean spacing from 
the inner ring to the central aperture is therefore 3 mm and the 
minimum spacing is 1.9 mm. The outer ring has a mean diameter 
of 12 mm and a width of 1 mm, providing a mean spacing from 
source to detection of 6 mm and a minimum spacing of 4.9 mm. 

In a preferred arrangement, the tip portion of the 
probe and the fiber optic elements at the tip portion are angled 
at approximately 26» with respect to the longitudinal axis of 
the probe. 

It will be noted in Figure 1 that the central 
detection assembly is movable axially. For interactance 
measurements, the detection aperture at the distal end of this 
assembly is normally positioned in the same plane as the source 
ring apertures, however, it may be moved back and lenses 
inserted so as to fmage a detection area on the specimen into 
the aperture of the detection fibers. The lenses 20 in the 
inner body of the probe are interchangeable and the positions of 
the lenses and the central detection assembly are adjustable by 
means of spacers. In one embodiment, lenses and arrangements 
for three different specimen sizes for reflectance and one 
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rangement for interactance are listed in the following Table 



TABLE 1 





REFLECTANCE 


REFLECTANCE 


REFLECTANCE 


INTERACTANCE 


\Specimen 
\si2e 

Stack 
position 


1.2 mm 


07 mm 


2.0 mm 




1 


21 mm f length 
Piano-Convex 
Melles Griot 
01LPX023 


21 mm f length 

Dion A ^/\n\70V 

riano-^^onvex 
Melles Griot 
01LPX023 


15.9 mm spacer 


Fiber Optic Holder 
for central fiber 


2 


6 mm spacer 


0 mm spacer 


Melles Griot 
01LPX065 


Spacer 


3 


21 mm Melles 
Griot 01LPX023 


36 mm Melles 
Griot 01LPX065 


6 mm spacer 


Spacer 


4 


177 mm spacer 


177 mm spacer 


21 mm Melles 
Griot 01LPX023 


Spacer 


5 


15 mm spacer 


15,9 mm spacer 


177 mm spacer 


Spacer 


6 


Fiber Optic Holder 
for Central Fiber 


15 mm spacer 


15 r"Tn spacer 


Spacer 




15.9 mm spacer 


Fiber Optic 
Holder for Central 
Fiber 


Fiber Optic 
Holder for Central 
Fiber 


Spacer 
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This reimaging allows control of the size of the detection area 
and the angular cone within which energy is detected by changing 
the lenses and their spacing. 

It may also be seen in Figure 1 that the energy source 
fibers are arranged in conical form. The energy exits at a mean 
angle of approximately 45« based on the angle of the fibers and 
the refraction at their polished ends. For interactance 
measurements on specimens which have limited backscatter, 
introduction of the energy at an angle directed toward the 
detector improves the efficiency. This feature also provides 
for diffuse reflectance and transmittance measurements using the 
same probe as discussed below. 

In order to obtain separate signals for each spacing, 
the two source rings may be alternately illuminated or the 
source energy may be modulated differently, e.g., at two 
different frequencies or with different time sequence codes. 
The detection signal is then gated or demodulated to separate 
the information from the two different sources. As shown in 
Figure IB, each source fiber optic bundle, preferably, has a 
small percentage of its input fibers brought out 50 so that the 
associated source intensity and modulation can be monitored. It 
will be obvious to one skilled in the art that additional source 
rings may be provided, each with its distinctive modulation, and 
that the operation may be reversed to provide a single source by 
using two or more detection rings coupled to multiple or time- 
shared detection means. For example. Figure 2 shows a design 
comprising 10 large area (8 to 28 mm^ active area) ring 
apertures, nominally designated as source rings, and a central 
aperture plus 2 additional rings of smaller area (2.9 to 3.4 
mm^) nominally considered as detection rings. The source ring 
active area is adjusted by the density of active fibers within 
each ring. This structure allows selection of a wide variety of 
spacings and locations for the measurements using combinations 
of the three different detection apertures and 10 source 
apertures. While the examples shown here show ring geometries, 
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other geometries, such as parallel slits or small apertures, 
which provide substantially constant values of the spacing 
between all points within a given source aperture and those 
within a given detection aperture may be used. 

Having derived separate signals for the two or more 
paths, they are processed and combined in accordance with a 
linear or nonlinear model of the system response to variations 
in the concentration of the analytes and interferences present 
^in the spectrum. In the simplest cases, for example, the 
cancellation of the optical effects of deposits on the window 
through which the measurements are being made, it may suffice to 
use the ratio of the signal from one spacing to that of a second 
spacing. This assumes that the deposits have the same 
transmission spectrum for both paths, as would be true for a 
uniform coating, and that the specimen behind the window is 
-9(^^elatively homogeneous with an interactance spectrum, I. The 
signals may then be expressed as Ki*Ti*Ii and K2*Ti*l2 where Ki 
and Kj are system functions involving the relative source 
intensities, the gain through the system, scattering losses and 
similar factors. The ratio is therefore (K^/Kj) * (I1/I2) and 
the window coating transmission has been eliminated from the 
result. Note that any factors common to and Kj are also 
canceled as in the normal use of a reference and the remainder 
factors may be adjusted so that the K factor becomes unity. 
TeOcing the log of the ratio yields "absorbance" A equal to 
log(Ii) - logCIj). If I is exponentially related to the product 
spacing t and the analyte absorptivity a, log (I) will equal 
(a*t) and the log difference becomes a*(ti-t2) where a is the 
^ "absorptivity" spectrum which is linearly related to 
concentration. In many, if not most, practical cases, log(I) is 
not linearly related to the product of spacing with absorptivity 
and absorptivity is not linearly related to concentration. 
Therefore, this invention contemplates use of other linear and 
nonlinear chemometric models to define the relationships and 
provide quant itive analyte information. 
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The situation is further complicated if the specimen 
is nonhomogeneous, such as the cases with layers described 
above. Here, the various signals are derived by absorption of 
light through different combinations of materials within the 
specimen. All the signals contain information on the surface 
layers while the signals derived from the larger spacings 
contain information on the deeper layers that is diminished or 
lacking in the signals measured with smaller spacings. When it 
is desired to differentiate between the information derived from 
deep within the sample and that obtained from layers closer to 
the surface, these signals may be combined in a linear or 
nonlinear chemometric model so as to extract the desired 
information. In this case, it is helpful to have the input 
energy for each source aperture as an additional measured 
quantity for use in the modeling. Each class of specimens 
requires a different form of model, and subclasses require 
determination of various model parameters during the calibration 
process. 

Another aspect of the invention is the use of the 
probe for diffuse reflection measurements of small specimens. 
The specimen may be held in a small hole drilled in a flat plate 
mounted approximately 2 to 4 mm from the end of the fiber-optic 
probe. It is illuminated via one or both of the outer ring 
bundles at an angle of incidence of approximately 45 degrees. 
The plate is finished with a mirror surface so that incident 
energy outside the area of the specimen is reflected at 
approximately 45 degrees from the normal. The diffusely 
reflected energy is collected by imaging the specimen surface on 
the central fiber bundle via lenses whose optical axes are 
coincident with the axis of the probe assembly. The power and 
spacing of the lenses may be selected so as to select the 
desired sample area. Because the collection is normal to the 
specimen and specimen holder and energy is reflected by the 
holder and by any window above the specimen at an angle, this 
specularly reflected energy is rejected from the measurement. 
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If desired, a diffuse or specular reflector may be placed behind 
the specimen to increase its apparent depth by a factor of at 
least two. 

Alternatively, the axis of the probe may be positioned 
vertically with the apertures at the top and a transparent 
window, such as a microscope slide, positioned with its upper 
surface at the appropriate distance from the apertures. 
Specimens may be placed on the window for measurement. Three 
measurements may be made: 

a) no specimen (just a slide) ; 

b) specimen 

c) ' reference spectrum using a diffuse reflecting 

material such as SPECTRALON™ (a trademark of 

Labsphere , Inc . ) . 
The "no specimen" energy spectrum is subtracted from 
the spectrum of the specimen and the spectrum of the reference 
to correct for residual energy reflected or scattered from the 
window. 

Still another aspect of the invention is the 
measurement of diffuse transmission through small specimens. 
The specimen is mounted in a hole on a plate and illuminated as 
previously described for reflectance measurements. The 
receiving fiber-optic bundle is placed behind the sample so as 
to collect the transmitted energy. The conical illumination 
pattern is helpful in achieving rapid diffusion of energy within 
the specimen thereby improving the repeatability of measurements 
on small specimens. In addition, by using two collecting fiber- 
optic bundles, simultaneous or time shared measurement of both, 
the diffusely transmitted and diffusely reflected energy is 
possible. The combination of these two measurements allows 
additional information to be obtained concerning the absorption 
and scattering characteristics of the specimen. 

Still another embodiment utilizes the probe as 
described above for reflection and an additional fiber bundle is 
employed behind the specimen to illuminate it. Therefore, the 
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sane receiver is utilized for transmittance and reflectance with 
two different illumination sources being provided. A switching 
arrangement may be used to alternate between the illumination 
sources . 

In each case, the central detection element may 
comprise the detector itself rather than the fiberoptic detector 

bundle. , , „ , u^^^ ' " '"" 

'"^"^""wih^ie the above described probe is preferred, an 
alternate embodiment can be constructed where the direction of 
light flow can use the light source being provided at the 
TOntir<5Pape^re and one or more of the fiber optic bundles 

responsive to ispecimen information. 

While the foregoing description and drawings represent 
the preferred embodiments of the present invention, it will be 
obvious to those skilled in the art that various changes and 
modifications may be made therein without departing from the 
true spirit and scope of the present invention. 
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